The Chesapeake Bay (CB) Watershed is undergoing changes in climate, hydrology, and land use. The assessment of hydroclimatic impacts is important for both water quantity and quality management. 
INTRODUCTION
Endeavors to ecologically restore and protect Chesapeake Bay (CB), the largest estuary system on the east coast of the United States, are challenging under a changing climate (Pyke & Najjar ) . Since the streamflow carries large quantities of nutrients from uplands into the estuary, quantifying streamflows in the CB Watershed becomes critical (Neff et al. ; Kimmel et al. ; Miller & Harding ; Najjar et al. ) . The future variability in temperature and precipitation will directly affect the water budget components of the CB Watershed including groundwater flow, evapotranspiration (ET), and surface runoff. Knowledge about altered hydrologic characteristics caused by climate change is also necessary to properly manage the water resources of this region.
The CB is the largest and the most productive estuary in the United States and provides 5% of US fisheries (Najjar et al. ) , and its watershed (165,000 km 2 ) is home to more than 17 million residents and includes many metropolitan areas such as Washington, DC and Baltimore. The CB region has chronic water quality issues including low dissolved oxygen level, excessive chlorophyll a and chemical contaminant concentrations and poor water clarity (Kemp et al. ) . Excessive nutrient loading from multiple sub-watersheds in the CB Watershed has been recognized as one of the major reasons (Hagy et al. ) . Efforts to reduce pollutant sources in the watershed have continued for close to three decades (Shenk et al. ) . CB Watershed assessment included an initial estimation of flows, associated sediments, and nutrient loads using the Climate Assessment Tool (USEPA ). This approach followed simple adjustments to historical precipitation and air temperature records using standard arithmetic operators applied to both monthly and seasonal data (USEPA ).
As climate models and downscaling techniques are constantly refined, they are useful to estimate regional climate characteristics (Maurer et al. ) . Implementing the latest climate data, i.e. the fifth phase of the Coupled Model Intercomparison Project (CMIP5) evaluated by the Fifth Intergovernmental Panel on Climate Change Assessment Report (AR5) (Taylor et al. ) , and the CB Watershed Model (CBWM), which was extensively developed for last two decades (Shenk et al. ) , would be a vigorous combination to better understand the watershed behavior in a changing climate. The objectives of this study are to (1) estimate changes in precipitation and temperature using the CMIP5 GCMs downscaled data, (2) simulate streamflows using the CBWM Phase 5.3, and (3) investigate the water budget components to quantify the expected direction and magnitude of changes under climate change conditions.
METHODS

Study area
The Coastal Plain, were used for our investigation since these gages generally corresponded with the outlets of major basins that contributed significantly to the CB (Table 1) .
Climate data
Two Representative Concentration Pathway (RCP) scenarios in the Intergovernmental Panel on Climate Change AR5, RCP4.5, and RCP8.5 were implemented in this study.
The RCP4.5 scenario implies that greenhouse gas emissions will be stabilized by the middle of the 21st century with a radiative forcing of 4.5 Wm À2 in the year 2100 (Thomson et al. ) . On the other hand, the RCP8.5 scenario assumes little effort to reduce greenhouse gas emissions with an anthropogenic radiative forcing of 8. As part of the simulation effort, first a total of 238 land segments within the watershed were simulated and the results were subsequently transferred to 1,174 river segments for river routing (Preston & Brakebill ) . Since the CBWM was calibrated and validated for the period 1985-2005 using an automated method developed for the CBWM (USEPA ), the refined model parameter values were simply adopted for our implementation.
CBWM implementation for climate change assessment
In this study, to evaluate the impacts of climate-induced changes in the streamflow, the land use data were kept constant at the year 2005 level. However, the time-varied land use data were used for the baseline simulation period . The streamflow withdrawal and point source flow were also excluded during the simulation. The current version of the CBWM uses an energy balance approach to calculate snowmelt (Anderson ) and this approach needs solar radiation, dew point, and wind velocity as well as precipitation and temperature as inputs. While it is recognized that an energy balance method is ideal for the snowmelt-induced runoff, the requirement of many input variables from climate models can restrict its application.
Alternatively, the degree-day method requires only two weather variables, i.e. precipitation and temperature (Rango & Martinec ) . Therefore, the CBWM code was modified to include the degree-day snowmelt algorithm and other hydrological model structures or formulas were not altered. This approach can serve as an approximation to simulate snowmelt dynamics and has less uncertainty due to a smaller number of variables used from GCMs compared to the energy balance method. The degree-day method computes snowmelt runoff using the following equation:
where M is snowmelt in mm/day, K is the degree-day coefficient in mm/degree-day, and T a and T b are mean daily air temperature and base temperature in W C, respectively. In this study, the number of degree-days per day was calculated based on 0 W C, and a K value of 0.06 was chosen for average 
RESULTS AND DISCUSSION
Climate ensemble
Assessing the historic simulations of climate models is the first necessary step to examine the trends and variability in precipitation and temperature as these models exhibit appreciable differences. It is important to note that the differences between the GCM simulations and observation
were not unrealistic since the GCMs are known to contain some uncertainties in characterizing natural climate varia- with the mean ± 1σ of 6.2 ± 10.4 and 11.4 ± 24.4 mm/ decade for the two historic periods, respectively. However, for the period 1970-1999, the differences in mean annual precipitation between observations and projections ranged from À0.2 to À5.0%, suggesting that the GCMs slightly underestimated over this region.
The GCMs projected wetter conditions, i.e. more precipitation in the future when compared with the baseline period 
Performance evaluation of historic streamflow
The simulated streamflow, driven by each downscaled GCM output for the historic period, was compared with observed flows from 222 gaging stations within the CB watershed. The 
Streamflow along the Fall line
The comparisons of observed flows across the selected gaging stations (Table 1) model structure, and observed data itself. In this study, ratios of GCM-driven flows to the observations for the historic period were calculated using the average monthly flow values (January to December), and then were multiplied to projected flows to adjust the future projections.
Projected future flow
It has been reported that the projected streamflow results in the Mid-Atlantic varied between À40 and 30% using two to four GCMS and hydrologic models (Najjar et al. , ) .
For this study, 19 GCMs (40 ensemble members) were employed to understand the characteristics of climate variability and uncertainty and to investigate the hydrologic response over a wide spectrum. Because the projected flow driven by the GCMs varied dramatically, the flow projections were divided into two groups to look into the characteristics of increasing and decreasing flows: one that was above the observed flow for baseline period and the other below the observational records.
Projected annual and seasonal flow
The annual streamflow projections varied among the ensemble members, which ranged from À30.3 to 15.2% and À41.1 (Table 3 and Appendix B5, available with the online version of this paper). It resulted in mean ± σ of 6.3 ± 5.4% and 4.7 ± 3.3% respectively, which were lower than reported in Hayhoe et al.
(). On the contrary, the projected scenarios resulted in decreased streamflows with mean ± σ of À12.4 ± 7.5% and À21.8 ± 9.2% by 2070-2099 relative to the baseline period under the RCP4.5 and RCP8.5 scenarios, respectively. (2020-2039, 2040-2069, 2070-2099) À21.2 ± 14.7 13.5 26.5 10.9 ± 9 À11 ± 7 James 11.9 28.1 7.5 ± 5.8 À11.3 ± 7.6 14.6 25.4 22.1 ± 24.7 À19.7 ± 13.1 12.9 27.1 9.5 ± 10.1 À10.3 ± 6.8
Eastern Shore 11.0 29.0 4.9 ± 4.9 À12.6 ± 9.8 10.7 29.3 19.1 ± 24.3 À19.8 ± 13.3 11.1 28.9 8.1 ± 7.8 À10.7 ± 7.9
Western Shore 12.4 27.6 7.9 ± 6.2 À11.0 ± 7.4 11.0 29.0 23.5 ± 22.5 À18 ± 13.7 12.2 27.8 9.5 ± 9.3 À9.4 ± 6 Patuxent 10.3 29.7 10.5 ± 7.2 À13.9 ± 8.9 10.7 29.3 19.2 ± 18.5 À17.5 ± 12.6 11.0 29.0 10.5 ± 8.7 À10.3 ± 6.5 Total 14.9 25.1 7.4 ± 5.7 À10.1 ± 7.1 9.7 30.3 16.4 ± 15.9 À20.8 ± 12.9 10.1 29.9 7 ± 6.6 À11.1 ± 6.4
2070-2099
Susquehanna 19.5 20.5 7.5 ± 5.0 À8.6 ± 6.0 3.7 36.3 8.1 ± 6.4 À27.6 ± 13.5 4.6 35.4 3.8 ± 2.8 À13.1 ± 7.8 Potomac 9.8 30.2 8.3 ± 5.6 À13.5 ± 7.5 8.6 31.4 14.8 ± 13.5 À25.9 ± 14.7 8.8 31.2 7.4 ± 6.9 À12.6 ± 7.3 Rappahannock 11.6 28.4 8.2 ± 5.7 À11.8 ± 6.6 12.1 27.9 16.7 ± 12.1 À21.4 ± 12.9 10.8 29.3 8.6 ± 7.5 À9.5 ± 6.6 York 11.8 28.3 10.4 ± 7.2 À16.8 ± 9.0 11.3 28.8 30.1 ± 22.2 À29.6 ± 15.8 10.5 29.5 11.9 ± 9.9 À12.0 ± 8.0 James 10.7 29.3 9.6 ± 6.3 À13.2 ± 6.8 12.3 27.7 18.8 ± 17.2 À25.9 ± 14.0 10.0 30.0 9.2 ± 8.3 À11.6 ± 6.7
Eastern Shore 11.9 28.1 5.9 ± 4.2 À14.0 ± 9.1 10.9 29.1 12.0 ± 8.1 À26.1 ± 15.3 10.4 29.6 6.3 ± 4.3 À11.8 ± 9.0 Western Shore 12.2 27.8 7.5 ± 3.6 À12.5 ± 7.5 12.4 27.6 13.2 ± 10.3 À24.8 ± 13.6 12.8 27.2 6.9 ± 6.1 À11.3 ± 6.8 Patuxent 9.3 30.7 9.1 ± 6.2 À15.7 ± 9.4 9.1 30.9 17.2 ± 10.8 À23.2 ± 13.2 11.1 28.9 7.7 ± 6.1 À12.3 ± 7.8 Total 14.4 25.6 8.1 ± 5.4 À11.5 ± 6.9 7.6 32.4 13.2 ± 11.0 À26.6 ± 14.0 7.6 32.4 6.3 ± 5.4 À12.4 ± 7.5 As shown in Table 5 , for the baseline period the annual total precipitation of 1,063 mm resulted in 660 mm (62%) and 400 mm (38%) of ET and runoff, respectively. The runoff ratio varied among the basins ranging from 31 to 44%
with the highest value in the Susquehanna River basin. 11.9 ± 9.8 À11.4 ± 7.8 6 34 7.7 ± 7.1 À21.1 ± 9.8 JA 13 27 10.1 ± 10.1 À12.6 ± 7.4 5 35 10.9 ± 6.3 À20.4 ± 11.6 JL 9 31 9.6 ± 8.3 À10.9 ± 6.4 5 35 4.9 ± 2.7 À20.8 ± 9.9 Increased ET was estimated across the watershed with a range of 16.5 ± 4.1% to 27.9 ± 4.9% for the period of 2070-2099 when compared with the baseline period under the RCP4.5 and RCP8.5 scenarios, respectively, whereas the runoff estimation showed no consistency (Table 6) impacting the water quality. Any future water quality management research should therefore emphasize a thorough hydrologic analysis with appropriate physically based hydrologic models.
